Abstract The aim of this study was to evaluate the effect of c-aminobutyric acid (GABA) treatment on the enzymatic browning of fresh-cut potatoes. The browning index and activities of browning and defense-related enzymes were analyzed after 0, 1, 2, 3, 4, 5, and 6 days of storage at 4°C. The results showed that the treatment with 20 g/L GABA for 10 min significantly retarded the browning of fresh-cut potatoes. GABA inhibited the browning of freshcut potatoes by enhancing the activities of catalase and superoxide dismutase, and decreasing the activities of polyphenol oxidase and reactive oxygen species. The results suggest that GABA plays an important role in reducing the browning of fresh-cut potatoes. Hence, GABA treatment is a promising approach for reducing the browning and maintaining the quality of fresh-cut potatoes.
Introduction
Owing to the freshness, convenience, and nutritional value of fresh-cut fruits and vegetables, consumer demand for fresh-cut products has continuously increased over the last 20 years (Derossi et al. 2016 ). However, fresh-cut products spoil easier than raw products, because peeling and cutting can lead to water loss, damage, browning, and microbial spoilage (Soliva-Fortuny and Martin-Belloso 2003; Chen et al. 2016 ).
Browning is a major factor contributing to quality loss in fresh-cut potatoes (Cantos et al. 2002; Ma et al. 2010; Wang et al. 2015) . It seriously affects the sensory quality of freshcut potatoes and damages their nutritional components (Ali et al. 2016; Mishra et al. 2013; Queiroz et al. 2011; Zambrano-Zaragoza et al. 2014) . Various technologies, including ultrasound, controlled atmosphere, organic acid, sulfites, and curing, have been suggested to control the browning of freshcut products. However, technical drawbacks limit their application to extending the shelf-life of fresh-cut fruits and vegetables. Thus, the development of safe, healthy, and environment-friendly technologies is urgent for commercial use, to control the browning of fresh-cut potatoes.
Phenolic compounds are oxidized by polyphenol oxidase (PPO), leading to undesirable enzymatic browning on the surface of fresh-cut potatoes (Hou et al. 2014) . Research has shown that senescent tissue and many abiotic stresses-such as chill stress, salt stress, and mechanical injury-contribute to the occurrence of enzymatic browning (Zhang et al. 2015a, b) . Increased activity of phenylalanine ammonia lyase (PAL) leads to the accumulation of phenolic compounds (Saltveit 2000) . Although a positive correlation between the PAL activities and a high browning potential was found (Thybo et al. 2006) , PAL improved the antioxidant capacity of plant tissue by playing the important role of scavenging reactive oxygen species (ROS) (Rechner et al. 2001) . Therefore, inhibiting the enzymes related to browning could be of great value in preventing the browning of fresh-cut potatoes.
c-Aminobutyric acid (GABA) is a non-protein free amino acid conserved widely, from bacteria to plants and vertebrates. As a new functional factor, it has been approved for use in food (Notice of the Ministry of Health of the People's Republic of China 2009). GABA-enriched foods have become increasingly popular in recent years (Mody et al. 1994) . Experimental evidence shows that exogenous GABA can reduce the oxidative damage caused by metal ions in barley seedlings (Song et al. 2010 ) and alleviate chilling injury (CI) in peach fruit (Shang et al. 2011) . Furthermore, it was found that treatment of pear fruit with 100-1000 lg/ml GABA induced strong resistance against blue mold rot caused by Penicillium expansum (Yu et al. 2014) .
To our knowledge, there is few reports on the effect of exogenous GABA treatment on fresh-cut fruits and vegetables. The aim of this research was to evaluate the effects of exogenous GABA treatment on the browning of fresh-cut potatoes, and the possible mechanisms involved.
Materials and methods

Raw material
Potatoes (Netherlands VII) were purchased from the Shanghai wholesale market in China and quickly transported to the lab. A selected batch of undamaged and nondefective potatoes, with uniform size, color, and maturity were washed to remove the surface dirt and cooled (at 4°C) immediately, prior to processing.
Effect of GABA concentration on inhibition of browning in fresh-cut potatoes
The potatoes were peeled and cut into 0.5-1 cm thick slices. The potato slices were immediately rinsed in different dipping solutions for 5 min. The dipping solutions were: (1) deionized water (control), (2) 10 g/L GABA, (3) 15 g/L GABA, (4) 20 g/L GABA, (5) 25 g/L GABA, and (6) 20 g/L citric acid (CA, positive control). The potato slices were then air-dried and dispensed into plastic trays with polyethylene plastic wraps and stored at 4°C with 90% relative humidity (RH). Each sample, containing three replicates, was obtained from nine fruits after each treatment.
Effect of GABA treatment with different rinsing times on inhibition of browning in fresh-cut potatoes
The potatoes were peeled and cut into 0.5-1 cm thick slices. The potato slices were immediately rinsed in 20 g/L GABA or control (deionized water) solution for 5, 10, and 15 min. The slices were then air-dried and dispensed into plastic trays with PE plastic wraps and stored at 4°C with 90% relative humidity (RH). Each sample, containing three replicates, was obtained from nine fruits after each treatment.
Browning index (BI)
During storage, potato browning was scored visually after 0, 1, 2, 3, 4, 5, and 6 days of storage by determining the extent of surface browning, using the following scores: 0 = No browning; 1 = Browning covering \ 25% of the surface; 2 = Browning coverin C 25% but \ 50% of the surface; 3 = Browning covering C 50% of the surface.
The BI was calculated as follows (Zhang et al. 2015a ): P ðbrowning scale Â No: of corresponding fruits each classÞ 4 Â Total No: of fruits .
Color measurement
The colors of the potato slices were analyzed using a tristimulus colorimeter (Chromameter-2 Reflectance, Minolta, Osaka, Japan) equipped with a CR-400 measuring head after 0, 1, 2, 3, 4, 5, and 6 days of storage. The instrument was standardized against a white tile before the measurements. The color was expressed using the Hunter scale parameters L*, a*, and b*. The potato color changes were determined by following the changes in L*, a*, and b* (Manzocco et al. 2011) .
Sample treatment for enzyme activity
Tissue samples of the pulp from the 20 g/L GABA, 15 g/L CA, or control fruit treatments were collected after 0, 1, 2, 3, 4, 5, and 6 days of storage and immediately frozen in liquid N 2 . They were ground with a chilled FW-100 grinder until frozen and then stored at -80°C for the subsequent analyses. Each sample, containing three replicates, was obtained from nine fruits after each treatment.
Enzyme assays
Frozen pericarp tissues were homogenized with different buffers to assay different enzymes: 0.5 mL of sodium acetate buffer (100 mM, pH 5.5) containing 1 mmol polyethylene glycol 6000 (PEG 6000), 4% polyvinylpyrrolidone (PVP), and 1% Triton X-100 for peroxidase (POD), and 3 mL for PPO; sodium borate buffer (100 mM, pH 8.8) containing 40 g/L PVP, 2 mM Ethylenediaminetetraacetic acid (EDTA), and 5 mM bmercaptoethanol for PAL; and 2 mL of sodium phosphate buffer (100 mM, pH 7.5) containing 5 mM dithiothreitol (DTT) and 5% PVP for catalase (CAT). The homogenate was centrifuged at 12,0009g for 20 min at 4°C. The supernatants were used as the crude enzyme sources to assay the enzymatic activities. Each sample, containing three replicates, was obtained from nine fruits after each treatment, and the experiment was repeated twice.
POD activity was determined using guaiacol as the substrate (Cao et al. 2013) . The reaction mixture consisted of 0.5 mL of crude enzyme extract and 3 mL of 25 mM guaiacol (in 50 mM sodium acetate buffer, pH 5.5). The increase in absorbance at 470 nm was measured after the addition of 200 lL of 0.5 M hydrogen peroxide (H 2 O 2 ) (in 50 mM sodium acetate buffer, pH 5.5). One unit of POD activity was defined as the amount of enzyme that caused an increase in absorbance of 0.01/min at 470 nm, and the activity was expressed as units per mg of protein.
PPO activity was assayed using the method of Cao et al. (2013) . The reaction mixtures consisted of 4 mL sodium acetate buffer (50 mM, pH 5.5), 1 mL pyrocatechol, and 100 lL of crude enzyme extract. One unit of PPO activity was defined as the amount of enzyme extract producing an increase in absorbance of 0.01/min at 420 nm, and the activity was expressed as units per mg of protein.
PAL activity was assayed using the method of Cao et al. (2013) with slight modifications. The assay mixture consisted of 3 mL sodium borate buffer (50 mM, pH 8.8) and 0.5 mL of 20 mM L-phenylalanine. After incubation at 37°C for 10 min, 0.5 mL of crude enzyme extract was added. Optical density (OD 0 ) was immediately measured at 290 nm. After incubation at 37°C for 1 h, OD 1 was immediately measured at 290 nm. One unit of PAL activity was defined as the amount of enzyme that caused an increase in absorbance of 0.01 in 1 h at 290 nm. The results were expressed as units per mg of protein.
CAT was assayed using the method of Cao et al. (2013) with slight modifications. The assay mixture consisted of 2.9 mL of 20 mM H 2 O 2 and 100 lL of crude enzyme extract. One unit of CAT activity was defined as the amount of enzyme extract producing an increase in absorbance of 0.01/min at 240 nm, and the activity was expressed as units per mg of protein.
The superoxide dismutase (SOD) activity was determined by measuring its ability to inhibit the photoreduction of nitro blue tetrazolium (NBT), as described by Toivonen and Sweeney (1998) . One unit (U) of SOD activity was defined as the amount of enzyme that caused a 50% inhibition of NBT reduction at 560 nm.
Malondialdehyde (MDA) content assay
Frozen potatoes tissues (1.0 g) were homogenized in 5 mL of 100 g/L trichloroacetic acid. The homogenate was centrifuged for 20 min at 10,0009g. The supernatant was collected for the measurement of the MDA content.
The MDA concentration was measured in accordance with Cao et al. (2013) with a slight modification. The supernatant phase (1 mL) was mixed with 2 mL 0.67% thiobarbituric acid. The solution was placed in a boiling water bath for 20 min, and then quickly cooled down and centrifuged at 10,0009g for 20 min to clarify the solution. The absorbance was measured at 450, 532, and 600 nm. The MDA concentration was calculated according to the formula:
where V and Vs are the total volume of the extract solution and the volume of the extract solution contained in the reaction mixture, respectively. The content of MDA was expressed as lmol/g.
ROS assay
The superoxide radical (O 2 -) production rate was determined using the method of Elstner and Heupel (1976) , with a slight modification. Frozen pericarp tissues were ground using a chilled FW-100 grinder, and 3 g of the powders was homogenized with 15 ml of 50 mM sodium phosphate buffer (pH 7.8) containing 1 mM EDTA, 2% (w/v) PVP and 0.3% Triton X-100. The homogenate was centrifuged at 12,0009g for 20 min at 4°C. A 1 mL sample of the supernatant was mixed with 1 mL of 50 mM sodium phosphate (pH 7.8) and 1 mL of 1 mM hydroxylamine hydrochloride. After incubation for 1 h at 25°C, 1 mL of the above reaction mixture was added to 1 mL of 17 mM 4-aminobenzene sulfonic acid, and 1 mL of 7 mM anaphthylamine was added to the mixture, which was incubated for a further 20 min at 25°C. Then, 4 mL of n-butanol was added to the reaction mixture. The absorbance of the n-butanol phase was measured at 530 nm to determine the O 2 -concentration. The O 2 -production rate was expressed as nanomol/(minÁg) FW.
The H 2 O 2 content was determined according to the method described by Prochazkova et al. (2001) . Frozen pericarp tissue was ground using a chilled FW-100 grinder and 1 g of the powder was homogenized with acetone. The homogenate was centrifuged at 12,0009g for 20 min at 4°C. The precipitate was washed repeatedly with cold acetone and dissolved in 3 mL of 2 M H 2 SO 4 . After centrifugation at 30009g for 10 min at 4°C, the absorbance of the supernatant was measured at 412 nm. The H 2 O 2 content was expressed as lmol/g FW.
Statistical analysis
The data were analyzed using the one-way analysis of variance (ANOVA univariate, SPSS 17.0, SPSS Inc., Chicago IL, USA). Duncan's multiple range test was used to compare the mean values of the data, and the statistical significance in this experiment was applied at the level p B 0.05.
Results and discussion
Effect of GABA treatments with different concentrations on BI and color of fresh-cut potatoes
The effect of different concentrations of GABA was evaluated by BI and color determinations, and visual observation of the fresh-cut potatoes. The values of the BI, colorimetric coordinates (L*, a*, and b*), and colors of the potato slices are shown in Fig. 1 and Fig 6 of Appendix. With the extension of storage time, the BIs of all the samples gradually increased. Different GABA concentrations and the CA treatment significantly (p B 0.05) decreased the reaction of enzymatic browning in the fresh-cut potato slices (Fig. 1) . Although browning still occurred on the potato surfaces, its degree was significantly lower than that in the control. The 20 g/L GABA treatment had the lowest BI among those of the four different GABA treatments.
Color parameters (L*, a*, and b*) were used to measure the browning appearance of the fresh-cut products. L* (brightness) clearly shows the browning degree of the samples: a higher L* value indicates a brighter cut surface and a lower browning degree (Chen et al. 2015) . The L* values significantly declined in 2 days and then hardly changed during storage (Fig. 6 of Appendix). After 2 days, the L* values of the GABA-treated and CA-treated samples were significantly higher than that of the control potatoes (p \ 0.05). The a* (green to red) value for all the fresh-cut potatoes increased throughout the storage period, but differences in the GABA-treated and control potatoes were significant from Day 3 to Day 6 (Fig. 6 of Appendix).
A significant difference was not found in the b* (blue to yellow) values between the fresh-cut potatoes before the first day. However, the b* value at Days 2-6 for the GABA-treated potatoes were significantly higher than that of the control (p B 0.05). These results indicated that the GABA treatment can improve the L*, and thereby reduce the browning index.
The visual appearance of fresh-cut products strongly affects the consumers' decision to purchase. The visual appearances of the fresh-cut potatoes on Day 6 after different GABA treatments are shown in Fig. 6 of Appendix. Obviously, the visual appearances of the control on Day 6 were not acceptable to consumers. Combined with the above data, these results indicate that 20 g/L GABA is the most effective and economical treatment to retard the enzymatic browning of fresh-cut potatoes.
Effect of GABA treatments with different rinsing times on BI and color in fresh-cut potatoes
BI showed an increasing trend in the all samples throughout the storage period (Fig. 2) . The GABA treatment for 10 min had the lowest BI among different rinsing times with GABA treatments.
The L* value slightly decreased with the storage time and no significant differences were found for the different rinsing times with GABA. This indicated that the rinsing time in GABA treatments is not a key factor in the browning of fresh-cut potatoes. The GABA-treated potatoes had a significantly lower a* value than that of the control potatoes, and the difference was significant only from 0 to 3 days of storage (p B 0.05). The b* value slightly decreased during storage; the potato slices that were GABA-treated and CA-treated had significantly higher values than that of the control potato slices (p B 0.05). The visual appearances of the fresh-cut Fig. 7 of Appendix. Obviously, the visual appearance of the control on day 6 was significantly browning compared to the GABA treatment groups.
The present study showed that GABA was effective for decreasing BI. BI, which measures the purity of the brown color, is widely considered an essential index in the fresh-cut industry (Zambrano-Zaragoza et al. 2014) . GABA can effectively decrease BI of fresh-cut potatoes (Figs. 1, 2) . According to Figs. 6, 7 of Appendix, the L* of the GABA treatment was higher the control. It was proved that GABA can decrease the browning of fresh-cut potatoes again. At the same time, the visual appearance indicated that GABA can retard the enzymatic browning of fresh-cut potatoes (Figs. 6, 7 of Appendix). The combined BI, L*, a*, and b* values and visual appearance indicated that 20 g/L GABA for 10 min is the most effective and economic treatment to retard the enzymatic browning of fresh-cut potatoes.
PPO and POD activities
Enzymatic browning occurs as a result of the oxidation of phenolic compounds by PPO to form quinones (Zhu et al. 2009; Yoruk and Marshall 2003) . In general, browning does not occur because PPO, POD, and phenolic compounds are localized in different areas in a whole cell; i.e., the localization can prevent PPO and POD from interacting with the phenolic compounds, and thus, retard the occurrence of browning. However, cutting destroys this distribution. When subjected to mechanical damage, it was easy to cause PPO reactions which would lead to enzymatic browning (Duan et al. 2007 ). The PPO enzyme activities in the fresh-cut potatoes increased with storage time, but there was no significant difference between the GABA-treated and control samples at Days 0 and 1 (Fig. 3a) . We deduced that GABA had not acted on Days 0 and 1. The control fresh-cut potatoes exhibited a significantly rapid increase in the PPO activities. The PPO activities reached the maximum on Day 6 in each treatment. After Day 1, the GABAtreated and CA-treated samples had significantly lower PPO activities than that in the control (p B 0.05). On Day 2, the PPO activity of the GABA-treated potatoes was 45.6% of that in the control potatoes. PPO plays an important role in enzymatic browning. Hence, the level of PPO activity may be associated with the browning rate. Studies indicated that the color of sliced potatoes was an indirect measure of the PPO activity (Severini et al. 2003) . In many horticultural crops, PPO activity is involved in tissue browning. Research showed that b-aminobutyric acid (BABA) treatment inhibited PPO activity, and thus promoted resistance against blue mold in apple fruit . This indicates that the PPO activity is negatively related to the BI. Combined with the Figs. 6, 7 of Appendix data, this demonstrates that GABA inhibited the browning of fresh-cut potatoes by decreasing the PPO activity.
In the enzymatic defense system, POD plays a major role in scavenging ROS, which could eliminate the excess peroxide in cells, protect the membrane from destruction, and decrease the peroxidation of membrane lipids. The activities of POD in all treatments were increased trend after 2 days, but showed no significance difference (p [ 0.05). The POD activities reached the minimum on Day 2, and the POD activity of the GABA-treated potatoes was 2.54 times that in the control potatoes. It may be the catalytic reaction of PPO, which generates and accumulates a certain amount of H 2 O 2 , that provides sufficient substrate for the POD catalytic reaction and accelerates browning to some extent.
Antioxidant enzymes
The activity of PAL dramatically increased in the control during the first day, whereas those in the GABA-treated potatoes slightly decreased (Fig. 4a) . After Day 1, the activities of PAL slightly increased and the differences were not significant between samples. Overall, the PAL content in the GABA-treated samples was lower than that of the control. This result was consistent with those from earlier studies which showed that tissue wounding, the key factor in the synthesis of phenolic compounds, can induce the synthesis and activity of PAL (Saltveit 2000) . Thus, GABA has less effect than control of tissue wounding on the PAL activities. Earlier studies have shown that the PAL activities in curing-treated potatoes were lower than that in the control, thus delaying enzymatic browning (Hou et al. 2014) . Furthermore, the PAL activities were inhibited in treated potatoes stored in controlled atmospheres (Ma et al. 2010) .
When the capacity for eliminating ROS is weakened, the accumulation of ROS damages the cell membrane and further reduces the quality of fresh-cut products (Duan et al. 2011 ). Plant tissues contain a variety of enzymes such as POD, SOD, and CAT to limit the ROS content. CAT removes H 2 O 2 from plants, whereas SOD eliminates the ROS produced by metabolic processes and reduces the amount of active oxygen required for enzymatic browning. SOD activates O 2 -to H 2 O 2 , whereas eliminating H 2 O 2 is the responsibility of CAT (Blokhina et al. 2003) . With time, the CAT activity in potatoes increased and then decreased. However, the CAT activities in the GABA-treated and CAtreated samples were significantly higher than those in the control potatoes during storage (p B 0.05). As shown in Fig. 4c , the SOD activity in the GABA-treated and CAtreated potatoes steadily rose to a peak at 2 days but declined 2 day after of storage. The SOD activity in the GABA-treated potatoes were significantly higher than that in the control for up to 4 days (p \ 0.05). On Day 2, the SOD activity of the GABA-treated potatoes was 1.62 times that in the control potatoes. GABA treatment activates CAT and SOD to scavenge excess ROS from tissues, thus protecting cell membranes from damage and inhibiting senescence and browning during storage. Similarly, apple polyphenol treatment enhanced the activities of the antioxidant enzymes (SOD and CAT) in litchi fruit, which might be beneficial for scavenging ROS (Zhang et al. 2015c ). Thus, GABA can increase the activities of CAT and SOD and inhibit browning.
ROS generation and MDA content
ROS, including superoxide radicals (O 2-), hydrogen peroxide (H 2 O 2 ), singlet oxygen ( 1 O 2 ), and hydroxyl radicals (OH -), affect many cellular functions through the oxidation of proteins. A strong oxidative burst will cause cellular damage and death. Under normal and healthy conditions, the ROS molecules are scavenged by various antioxidative defense mechanisms.
The O 2 -production rate and the content of H 2 O 2 and MDA in potatoes in response to GABA treatments are shown in Fig. 5a -c. The O 2 -production rate in the GABAtreated and CA-treated samples were slightly decreased for 2 days. An increase in the O 2 -production rate in all the samples was observed after 2 days. Decreases in H 2 O 2 content were observed before Day 5, with sharp decreases on Day 2 in all the samples. The H 2 O 2 contents in the GABA-treated and CA-treated samples were significantly lower than those in the control potatoes during storage (p B 0.05). This corresponded with the earlier results, indicating that GABA treatment activated CAT, SOD, and POD to remove the excess ROS from tissues.
MDA is the product of membrane lipid peroxidation and it can directly reflect the extent of membrane lipid peroxidation induced by tissue wounding. The MDA content in all treatments were decreased trend during storage. The MDA content sharply decreased from 2 to 4 days of storage after GABA treatment. On Day 4, it reached the lowest value, at 60.2% of the control. It may be the enhancement of cell membrane permeability after segmentation, that accelerates tissue aging and quality deterioration.
The results showed that the O 2 -production rate and the contents of H 2 O 2 in the GABA-and CA-treated samples were significantly lower than those in the control potatoes during the entire storage study (p B 0.05).
Conclusion
The results showed that GABA treatments with different concentrations and rinsing times could reduce the browning of fresh-cut potatoes, 20 g/L for 10 min being the most effective treatment. The BI decreased due to exogenous GABA treatment. GABA treatment decreased the activity of PPO, which led to the accumulation of quinones. A lower content of ROS was also observed in the fresh-cut potatoes, accompanied by an increase in the CAT and SOD activities. Therefore, GABA treatment could be considered an effective approach to retard the browning of fresh-cut potatoes. Future research on the effects of GABA treatments on the nutrient and sensory parameters of fresh-cut potatoes is necessary before they can be commercially applied. 
